The degree of clinical improvement achieved by DBS is largely dependent on the accuracy of lead placement. 3, 7, 16 As the subthalamic nucleus (STN) is a relatively small structure, estimated at 9 × 7 × 5 mm, 18, 20 it is important to define the exact location of the electrode being used for stimulation. Various methods have been used to localize the STN, including MRI, brain atlas-imaging fusion for preoperative planning, intraoperative microelectrode recording (MER), intraoperative MRI (iMRI), temporary efficacy during the operation, postoperative MRI, and sustained effect during the postoperative period. Typically, a combination of anatomical and physiological methods is used in the localization of the STN.
cepted. Postoperative MRI following DBS lead placement can help to determine the anatomical position of electrodes as well as identifying acute complications. 6, 15, 24, 25 With the development of neuroimaging, iMRI during DBS surgery offers immediate confirmation of precise lead placement and screening for complications. In the present study, we evaluated the role of iMRI in targeting the STN in patients with Parkinson disease and determined the accuracy of electrode placement.
methods
This study was approved by the ethics committee of the PLA General Hospital.
patients
Between January 2010 and December 2013, 206 DBS electrodes were implanted in the STN in 110 patients with Parkinson disease (bilateral implantation in 94 patients, unilateral implantation in 18 patients). All patients received iMRI after implantation (before implanting pulse generator) to define the accuracy of lead placement. One hundred and fifty DBS electrode positions were verified in the center of the STN by the first iMRI scan. Fifty-six DBS electrodes positions in 35 patients (28 males, 7 females, average age 58 years, range 39-77 years) deviated from the center of the STN according to the initial iMRI scans. Thus, we adjusted electrode positions for placement in the center of the STN and verified this by second or third iMRI scans.
Surgical procedure
Using local anesthesia, a stereotactic head frame (Leksell model F head frame) was placed before stereotactic MRI. MRI was performed for all the patients using 1.5-T scanners (Siemens Espree). Imaging was used to identify the anterior commissure (AC), posterior commissure (PC), midcommissural point, and target coordinates. The STN was localized with high-resolution T2-weighted MR images (1.5 T, TR 5500, TE 98; Fig. 1 ). The anterior and posterior commissures were identified in a midsagittal planning scan. Axial images, 3 mm thick, were acquired parallel to the AC-PC plane, and coronal images orthogonal to these were then obtained. Planning was performed to determine entry points for a safe electrode trajectory parallel to the long axis of the STN and avoiding blood vessels and the ventricles. The anatomical target coordinates for STN stimulation were 12 mm lateral, 3 mm posterior, and 4 mm inferior to the midpoint of the AC-PC line, which were used as an initial guideline only. 2 The STN was clearly visualized on T2-weighted images. However, the STN morphology exhibited interindividual differences, and the target was adjusted to the center of the STN according to the individual patient's anatomy. Once imaging was completed and the target coordinates were obtained, the patient was returned to the operating room under sterile conditions and local anesthesia. In order to reduce CSF leakage, the neck was flexed to raise the head as far as possible while maintaining airway patency. Scalp incision and bur holes were performed according to the entry points of the planned trajectory coordinates.
Refinement of the STN coordinates using intraoperative MER was routinely performed. Single-track MER (intraoperative microelectrode, Medtronic Ltd.) was obtained using the Medtronic Leadpoint neural activity monitoring system. The electrode was advanced with the use of a clinical microdrive (MicroTargeting Drive, FHC, Inc.). The microelectrode was advanced to 8 mm above the target. During the recording, fibrin sealant was used to cover the bur holes to reduce the loss of CSF. After MER and placement of DBS 3389 electrodes (Medtronic, Ltd.), test stimulation was conducted using a temporary external stimulator (Programmer, 8840). The patient remained awake so that temporary efficacy could be observed and verbal feedback could be obtained to ensure that unwanted adverse effects did not occur. Confirmation of accurate electrode placement was then performed with iMRI.
intraoperative mri
The MRI unit and the operating room were separated by a sliding door, and the MR machine (Siemens Espree, 1.5 T) could enter into the operating room via a short track attached to the ceiling. Before iMRI scans, the open MR indicator was fixed in the stereotactic head frame. The MRI parameters for T1-weighted, 3D magnetization-prepared rapid gradient echo (MP-RAGE) were as follows: TE 3.02 msec, TR 1650 msec, matrix size 256 × 256, FOV 260 × 260 mm, FOV phase 100%, slice thickness 1 mm, 16-cm slab. T2-weighted image parameters were: TE 93 mms, TR 5500 msec, matrix size 512 × 512, FOV 260 × 260 mm, FOV phase 100%, and slice thickness 3 mm. A technician and MRI physicist completed the MRI scans and analyzed the imaging. If the first intraoperative MRI showed the electrodes positioned in the center of the STN and at an appropriate depth, a pulse generator (Medtronic, Inc.) was placed in the chest area under the clavicle. If the initial postplacement iMRI showed that the electrode position deviated from the center of the STN, or that the electrode depth was not appropriate, we measured the deviated distance and adjusted the coordinates. Second and sometimes third MRI scans were performed until the electrodes were located appropriately.
results
Thirty-five patients (bilateral implantation in 28 patients, unilateral implantation in 7 patients) received 2 or more iMRI scans (31 patients with 2 iMRI scans, 4 patients with 3 scans). Fifty-six (27%) of 206 DBS electrodes were adjusted based on iMRI guidance. The total number of electrode position adjustments was 62, with 50 DBS electrodes being adjusted only once, and 6 DBS electrodes requiring a second adjustment (Table 1) . If we adjusted the coordinate to the right in the x-axis, the value was indicated as negative; if the coordinate was adjusted to the left, the value was indicated as positive. If the coordinate was adjusted in the posterior direction in the y-axis, the value was indicated as negative, while the value was positive if the coordinate was adjusted in the anterior direction. If the coordinate was adjusted in the inferior direction in the z-axis, the value was indicated as negative, while the value was positive if the coordinate was adjusted in the superior direction. The sum of target coordinate adjustments was -0.5 mm in the x-axis, -4 mm in the y-axis, and 15.5 mm in the z-axis, with a total distance adjustment of 74.5 mm in the x-axis, 88 mm in the y-axis, and 42.5 mm in the zaxis ( Table 2 , Fig. 2 ). Through adjustment with the help of iMRI, all electrodes were ultimately located in the center of the STN (Figs. 3 and 4). Intraoperative MRI revealed 2 intraparenchymal hemorrhages (Fig. 5) , one of which was accompanied by obvious mental symptoms. Although fibrin sealant was used to reduce the loss of CSF, differing degrees of posterior brain shift due to intracranial air was identified in all patients (Fig. 6 ). Electrodes were found to penetrate the lateral ventricle in 3 patients (Fig. 6) .
discussion
In the present study cohort, we used single-channel MER in the implantation of 206 DBS electrodes. However, 56 DBS electrodes were found to be deviated from the center of the STN at iMRI confirmation. Thus, approximately 27% of the electrodes required adjustment with the help of iMRI. Huston et al. reported on a cohort of 143 patients who underwent 152 DBS surgeries, including 289 lead placements, utilizing intraoperative 1.5-T MRI.
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However, only the scan series, hemorrhage, and brain shift were described in that study, with no information on position adjustment of electrodes or the number of MRI scans. By comparison, the amount of position adjustment was much higher in our cases; we believe that this difference is related to our emphasis on the accurate anatomical position of STN. With respect to intraoperative hemorrhage, we found only 2 intraparenchymal hemorrhages in our cohort, compared with 5 subdural hematomas, 3 subarachnoid hemorrhages, and 1 intraparenchymal hemorrhage in the cohort reported on by Huston et al. 11 Starr et al. recently reported an innovative DBS procedure that utilizes an intraoperative 1.5-T MRI unit and a skull-mounted aiming device for direct electrode placement into the STN while the patient is within the magnet bore. 22 In that study, no hemorrhagic complications were observed in 29 patients with Parkinson disease, suggesting that the surgical procedure of DBS implantation is safe. In our experience, iMRI is particularly useful for confirming accurate electrode placement and repositioning if required, as brain shift caused by intracranial air occurred in all of our patients.
In the present cohort, 31 patients received 2 iMRI scans and 4 patients received 3 scans. If the first iMRI scan showed deviation of the electrode position from the center of the STN, or showed that the electrode depth was not appropriate, we measured the deviated distance and adjusted the coordinates. Second and occasionally third iMRI scans were performed until the electrodes were accurately positioned. According to the results of iMRI scans, 35 patients required electrode adjustment, for a total of 62 electrode adjustments (50 DBS electrodes required 1 adjustment, while 6 required 2 adjustments).
We used T1-weighted 3D MP-RAGE sequences for our initial scan, as this sequence used a thin slice thickness (1 mm) and was able to show the electrode position in axial, coronal, and sagittal planes. However, the acquisition time for this scan was quite long, and the morphology of the STN was not shown clearly. Thus, we also performed T2-weighted imaging to show STN morphology and determine the electrode locations. Note that T2-weighted images cannot show the 3D image, and they provide a slice thickness of 3 mm (with 1.5-T MRI). Thus, the T1-weighted 3D MP-RAGE and T2-weighted images are complementary, and data from both imaging series are used to guide the adjustment of the electrode direction and depth. Because of the ability to image subarachnoid air or CSF, the T1-weighted MP-RAGE images were able to show different degrees of intracranial air in all patients. The iMRI scans also enabled detection of hemorrhage during the operation. Although Starr et al. reported that FLAIR is sensitive to hemorrhage, 22 we have found that T1-weighted 3D MP-RAGE and T2-weighted images are suitable.
It is well established that good outcomes of DBS are more likely when the electrode completely penetrates the long axis of the STN. Thus, the electrode track must be as close as possible to the lateral ventricles, without passing through them. In our study, we found that the electrodes penetrated the lateral ventricle in 3 patients; this can create a large deviation of the electrode tip, resulting in inaccurate electrode placement into the STN.
The sum of target coordinate adjustments in the present study was -0.5 mm in the x-axis, -4 mm in the y-axis, and 15.5 mm in the z-axis, with a total distance adjustment of 74.5 mm in the x-axis, 88 mm in the y-axis, and 42.5 mm in the z-axis, and an average distance of 1.2 mm in the x-axis, 1.42 mm in the y-axis, and 0.69 mm in the z-axis. In a preliminary review of 6 cases, using a combination of pre-and postoperative MRI by landmark co-registration, Schrader et al. reported an error of 0.5 mm in the x-axis and 2 mm in the z-axis. 21 Hamid et al. also reported that the distance from the center of the electrode artifact to the final target used after electrophysiological recording on the fused images was 0.48 mm, 0.69 mm, and 2.9 mm in the x-, y-, and z-axes, respectively. 8 In our cohort, the average distance in the y-axis was 1.42 mm, which we consider related to intraoperative settling or posterior brain shift due to CSF leakage. The z-axis deviation may be related to the fixation of the electrodes, such that when we used a snap ring (not Medtronic's StimLoc lead anchoring device), the electrodes were pushed into a position lower than the target; this is consistent with data from Hamid et al. 8 The deviation in the x-axis may relate to attempts to deliberately avoid the lateral ventricle. There were very few operational errors in our series; we concluded that the possible reasons for electrode deviation include the following. 1) The localization of the STN with CT, MRI, and preoperative planning system may have deviated from the actual target. 2) Leakage of CSF may have led to posterior brain shift. 3) When the electrodes were penetrating the lateral ventricle, the difference in tissue strength between the cerebral parenchyma and ependyma may have resulted in the electrode shifting to the midline. Even when typical electrophysiology is recorded by MER, the electrodes may deviate from the actual target during implantation. Poor stability and long-term shift are also possible. 4) The distance is 3 cm between the needle catheter front end and the target. Thus, the process of implanting the electrode is likely to result in deviation from the target due to the distance (3 cm) between the distal end of the needle catheter and the target (Medtronic Single Channel). 5) There may have been stereotactic instrument system errors.
As the STN is a relatively small structure (estimated at 9 × 7 × 5 mm), 18, 20 various techniques have been used to verify lead location and accuracy of DBS electrode placement. Intraoperative MER was reported to improve the target localization during stereotactic surgery. 4, 13, 17 However, this technique provides electrical activity recordings in different brain areas, and it is difficult to determine whether such recording has a positive effect on the clinical outcome of DBS treatment. 9, 10 Further, there is evidence of side effects for both MER and procedures guided without MER, including higher rates of complications such as intracerebral hematoma.
5,10 Patel et al. also reported that the use of microelectrodes prolongs the operating time, which may increase the risk of infection.
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The risk of brain shift because of CSF leak during surgery is also increased, making target localization more difficult. Furthermore, this technique exposes patients to many hours of surgery while awake, which can be very distressing for Parkinson disease patients in an "off" state. As such, the usefulness and requirements for electrophysiology remain controversial.
Good outcomes have been previously reported for DBS implantation without intraoperative recording, 26 where projection of electrode artifacts from postoperative T1-weighted MRI onto the STN, as visualized by preoperative T2-weighted MRI, provided direct evidence for electrode placement into the STN. With this method, the position of the electrode can be assessed relative to the MRI-defined anatomy of the STN in individual patients. Patel et al. also reported that a predominantly anatomical MRI-directed technique with macrostimulation can be used safely and effectively without the additional need for intraoperative MER, and that this procedure provides an efficient use of operating time and obviates the necessary costs of MER. 19 Before an operation, the targeting of the STN can be planned according to MRI visualization. However, stereotactic frame system error, shifting of the brain due to CSF leakage and other reasons can result in electrode position deviation. Updated iMRI data and guidance of microelectrode and macroelectrode placement would help to improve the accuracy of the electrode position. Intraoperative MRI is a well-established technique that allows a neurosurgeon to update neuronavigation data online-to evaluate the extent of tumor resection or correct for intraoperative brain shift, for example. This allows the surgeon to modify the surgical strategy if necessary, to guide instruments to the lesion, and to evaluate presence of intraoperative complications at the end of surgery. 12 At present, the iMRI technique has been mostly applied in neurosurgical resection of tumors, rather than in implantation of DBS electrodes. However, in the present study cohort of patients with Parkinson disease undergoing DBS surgery, all of the patients received iMRI at least once. In this study, we found iMRI helpful for anatomical target localization and target adjustment of STN. These adjustments confirmed that for some patients, the DBS target as determined by preoperative planning and/or the target achieved in the initial placement of the electrodes was inconsistent with the real target. Our experience is that in DBS surgery, the use of iMRI identifies intraoperative hemorrhage and provides a clear indication of the location and amount of hemorrhage, when present; clearly shows the extent of bilateral frontal pneumocephalus; allows assessment of CSF loss (frontal subarachnoid space, the lateral ventricles and the third ventricle), and thus the extent of posterior brain shift; provides the precise location of electrode contacts and the lead tract; and guides the adjustment of coordinates in cases of deviation.
It is controversial whether iMRI or MER is the superior method for localizing STN, but we believe that any method that improves anatomical targeting will be useful for DBS. Both MER and iMRI were used to pinpoint the STN from distinct electrophysiological and anatomical points of view. They are excellent complementary approaches.
conclusions
The use of iMRI allows surgeons to assess and adjust the position of DBS electrodes so as to better achieve placement in the center of the STN, and can also provide information on acute changes such as the hemorrhage and brain shift during DBS surgery.
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